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ABSTRACT - Spaceborne optical interferometry has been identified as  a critical 
technology for many of NASA's 21"' century science  visions. Included in  the 
visions are interferometers that can probe the origins of stars and galaxies, and 
can ultimately study Earth-like planets around nearby stars. To accomplish this 
feat,  precision  separation of an  integerometer's small collecting apertures  by 
large baselines are required - hundreds of meters up to thousands of kilometers, 
along with multiple spacecraft formution flying to at least the centimeter level. An 
even finer control level is required, where the interferometer optical pathlengths 
over these distances must be controlled  to the nanometer  level.  To date, the 
technologies have been demonstrated only in ground applications with baselines 
of order of a hundred meters; space operation will require a  signijkant capability 
enhancement.  This paper  describes the Origins Space Technology 3  (ST3) mission 
concept with deep space precision  formation flying technologies, as defined at the 
start of the project. The separated  spacecraft mission is designed  to  provide  a 
technology demonstration for  deep  space  precision  formations and  very long 
baseline optical interferometry. The interferometer would be distributed over two 
small spacecraft: one spacecraft  would  serve as a  collector, directing starlight 
toward  a  second one, called the Combiner,  which  would  collect  starlight 
separately  and combine  the light to perform the integerometric detection. The 
interferometer baselines would be variable, allowing spacecraft separations of 40 
m  to I km in a  parabolic formution, and  providing angular resolutions from 5 to 
0.5 nanoradian ( I  to 0.1 milliarcsec). 



1 - INTRODUCTION 

Many scientific  goals of the 2lSt century in the fields of astronomy and  astrophysics  require 
order-of-magnitude advancements in optical angular resolution. Angular resolution improves linearly 
with the diameter of filled-aperture telescopes, or in the case of interferometers, with the distance 
(baseline) between widely separated apertures. Interferometers with baselines of 100 meters are being 
implemented on the ground, offering fairly high (1 milliarcsec) resolution of compact astrophysical 
objects.  Many more of these objects, however, are faint and can only be detected by taking advantage 
of the enormous increase in sensitivity afforded by space-based observation, beyond the turbulent and 
partially  opaque  atmosphere. Among the key  scientific  goals  enabled by space-based  optical 
interferometry are submilliarcsec measurement of stellar diameters, resolution of close and interacting 
binaries, detection of extra-solar planets, and precise measurement of galactic and cosmic distance 
scales. 

Optical interferometers collect light at separated apertures and direct the light to a central combining 
location where the two light beams interfere. Fringes produced by the interference provide amplitude 
and phase  information  from which a synthesized image can be generated. Space-based  optical 
interferometers can be implemented as single monolithic spacecraft, in  which collecting apertures are 
separated by tens of meters; or implemented as separated spacecraft where baselines of hundreds, or 
even thousands, of meters enable measurement with  very high (sub-milliarcsec) angular resolution. A 
separated spacecraft optical interferometer concept, referred to as the Space Technology 3 Mission 
(ST3), is a simplified interferometer that demonstrates enabling technologies while still retaining some 
science capabilities. It has been originally identified as the third NASA  New Millennium deep space 
technology demonstration mission, and later transferred into the Origins Program. It is developed in 
preparation for the Terrestrial Planet Finder Mission, which is a five spacecraft infrared interferometer, 
along with  other future exoplanet imaging and  high resolution astrophysics formation flying missions. 

2 - MISSION  DESCRIPTION 

The ST3 mission is focused on validating separated spacecraft interferometer methods in space using 
two  free-flying  spacecraft as apertures. ST3  will  launch in March 2005  into an Earth-trailing 
heliocentric orbit. The technologies of deep  space formation flying (FF) and separated spacecraft 
interferometry (SSI) will be demonstrated. Precision formation flying is required to maintain proper 
alignments and positions between the two spacecraft to enable use of the interferometer payload. ST3 
will validate an ability to control two independent spacecraft so that their relative velocity is less than 
10 micronshecond, while maintaining separation distances from 40 up to 1000 m to a control accuracy 
of better than 9 cm.  Once this capability is established, ST3 will measure fringe visibility amplitudes of 
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bright  astrophysical  objects (8h magnitude  and  brighter)  in  the  visible, at 0.5 to 1 micron  wavelengths, 
within the interferometer  as  a SSI technology  demonstration  mission. 

Both ST3 spacecraft are stacked on  a single Delta I1 launch  vehicle  to  be delivered into space at the 
same time. The third-stage solid  motor  directly injects the two spacecraft  into  an  Earth-trailing 
heliocentric orbit and  then separates from the two spacecraft. The spacecraft are designed to remain 
attached  together  to  allow  complete  bus  and  payload  checkout  in  a Cluster Mode. This helps  to ensure a 
safe  formation  acquisition  immediately  after the two spacecraft  are  separated.  After  formation 
acquisition,  the  spacecraft  deploy  their  sunshades, and begin a month-long  Formation  Flying 
Experiment Period. This period is intended to allow the two spacecraft formation to perform FF 
checkout and  experiments. This is  followed  by  a  1.5-month Combiner Mode  where  only  the Combiner 
instrument is  used for interferometer checkout and  experiments. The baseline  mission  is completed by 
executing a  three-month Separated Spacecraft  Interferometer  Mode,  where  the full capabilities of both 
formation  flying  and  interferometry are orchestrated  to  perform  observations. * 
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igure 1. ST3 parabolic  formation. 

2.1 - Science  Capabilities 

Compared  to  current  and  near  future  ground-based  optical  interferometers, ST3 will  have,  longer 
baselines. In addition,  a  more  accurate  calibration of visibility  amplitudes  will  be  possible, due to  the 
lack of atmospheric  coherence  losses. ST3 will  therefore explore regions of  new  parameter space on the 
sky, even  though it maybe  limited  to  some  total  number of observations.  Below are some of the  key 
science  capabilities  that  may  be  possible  with  the  mission. 

One of the simpler  measurements  involves  Wolf  Rayet stars. Some example  targets  are  shown in 
Figure 2. These stars are hot  and  luminous,  and  have  very  strong  stellar  winds  (i.e.  they are losing  mass 
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at a  high  rate).  Current  understanding  of  them  is  limited,  although  it is believed  that  they  have  evolved 
beyond  the  hydrogen  burning  (fusion)  stage of stellar evolution. ST3 would  allow  the  determination  of 
the mass outflow  in  these  objects  for  the  first  time,  thus  providing  a  quantitative  test  of  their  dynamics 
(size and shaDe). 

Figure 2. Examples of  Wolf  Rayet  targets. 

ST3 would  also  perform  stellar  structure  investigations  on cool stars.  Cool  stars  play  a major role in 
astrophysics;  they  define  the  largest  stellar class, comprising our Sun as  an  average  example.  Most  cool 
stars  maintain  magnetically  confined  atmospheres  which give rise  to  particle  acceleration  and  plasma 
heating.  Investigations  of  the  Sun  in  spatial and temporal  detail  have  provided  us  with  a  considerable 
knowledge on energy release,  structuring, and evolution of stellar atmospheres.  However,  the Sun 
represents  a  particular  state  of  stellar  evolution, for a  particular  stellar  mass.  Understanding  the full 
range of  phenomena  related  to  stellar  activity,  mass loss, and  evolution  requires  the  study of  solar-like 
phenomena in large samples of  stars. ST3 is certain  to  increase our understanding  by  providing 
preliminary  measurement of diameters of numerous cool stars 

3.0 - FORMATION FLYING TECHNOLOGY  DESCRIPTION 

In addition to the requirements  listed  in Table 1, ST3 formation flying subsystem must also provide 
maneuvers to support interferometer  observations. These maneuvers,  as  shown  individually  in  Figure 3, 
can  be  combined  into  more  involved  sequences.  The basic maneuvers  include: 1)  formation 
initialization from any position, 2) baseline orientation changes, to rotate the instrument about the 
line-of-sight, sweeping out a chord in the aperture plane;  3) change in formation size, to vary the 
angular  resolution; and 4) retargeting  the  formation  to  point at other  objects. 
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Figure 3. Formation  flying  maneuvers. 
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Table 1. Primary ST3 formation flying requirements. 

The principal technologies required  to  perform deep space precision formation flying  for ST3 optical 
interferometry  include  formation  sensing,  communications,  estimation and control and spacecraft 
actuation. 

3.1 - Formation  Flying  Sensing 

A revolutionary  improvement in accuracy and performance  for  relative  spacecraft  positioning  is 
required  for ST3. Traditional  ground-based  systems  are  orders of magnitude too noisy and too 
expensive to provide the required information.  The Autonomous Formation Flying  Sensor (AFF) 
addresses  the aforementioned, and even more,  key challenges presented by ST3. The AFF enables two 
spacecraft in deep space to autonomously maintain a precise relative position. Furthermore, it has a 
general architecture enabling it to be  used  on a variety of different missions, such as formations with 
higher  number  of spacecraft, along  with  rendezvous  and  docking,  without significant re-engineering. 

The  AFF  uses GPS-like (Global Positioning Satellite) signaling among multi-channel transceivers on 
both spacecraft. However, no near-Earth GPS signals  are use for ST3.  Each spacecraft hosts an  AFF 
unit that can transmit as well as receive.  Each spacecraft transmits a carrier and pseudorange signal to 
another via  two omni antennas providing 4n steradian transmission coverage. Multiple patch receive 
antennas on each spacecraft allow 4n steradian angular coverage as well as determination of bearing 
angles  and  range. 

Each  AFF  would determine precise bearing angles by tracking  the relative carrier phase received from 
three antennas mounted on a front face of the spacecraft. An omni antenna on the back face of the 
spacecraft would provide  information  for  the  spacecraft to turn and face with the front  tracking 
antennas. The relative range of another spacecraft can be precisely determined  from the pseudorange 
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data, up to a maximum  range  of  10 km. The  accuracy for the AFF is better  than k2 em  in range and +1 
arcminute in  bearing  angle, consistent with  the ST3 formation flying knowledge  requirements. 

The concept for formation initialization consists of two types of metrology systems used in successive 
field  of  view (FOV)  versus  accuracy levels. The  AFF  would  be  used for coarse acquisition, providing 
centimeter and  arcminute levels of spacecraft position accuracies, in a spherical coordinate system. An 
interferometer laser metrology system would  then  be  used  to provide fine bearing angle information 
(arcsecond level) between spacecraft during  observation  mode. This provides the ST3 formation flying 
system with a sufficient level of knowledge accuracy  in order to provide 0.7 arcminute of formation 
bearing control. 

Besides position  sensing, attitude sensing is accomplished  using coarse sun sensors, star trackers, and a 
fiber-optic  rate sensor. The  sensor  suites on  both spacecraft  are  identical to provide flexibility and 
reduce costs. 

3.2 - Inter-spacecraft  Communications 

An UHF communications  package  has  been  selected  for  communications  between  the  spacecraft. This 
device is to  be  shared  between F F  and  the  interferometer  for data passing  and  commanding. This 
system is required  to  support 200 kbps with a 29 dB margin at separations of under 1 km, and support 8 
bps at 3 db  margin up  to 200 km. The large operating  range is  for the case of anomalous  behavior 
causing  the spacecraft to drift beyond  the 1 km specification.  With 500 hertz  interferometer  metrology 
closed loop bandwidth, a <I msec  latency is require  from  the  UHF  device,  assuming  half of the 
requirement is levied against data transport by computers  on  both  spacecraft. 

Figure 4. UHF inter-spacecraft communication  transceiver. 

3.3 - Formation  Estimation and Control 

The FF estimator and controller provide continuous six-degrees-of-freedom  estimation  and control 
capability during all phases of the ST3 mission.  Both are baselined  to reside on  the  Combiner 
spacecraft. Cooperative but  centralized  (master/slave)  formation  flying  estimation  and controls will  be 
used for ST3 due  to  the small number of spacecraft and  mission cost considerations.  The masterlslave 
control configuration  simply assumes that a given  (slave) spacecraft will  perform  formation  adjustment 
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with  respect  to a second  one  (master).  Formation  stability  can  thus  be  maintained  easily,  avoiding 
situations such as duplicate spacecraft firings coincidentally. 

For constellation of more than  two spacecraft, research in the areas of dynamic interaction and the 
constellation stability is underway. Architectural issue of centralized vs.  decentralized estimation and 
control become increasingly significant with larger number of spacecraft in a formation constellation. 
Issues related to symmetrical functionality with adaptive decentralized control architecture with its 
inherent  robustness  are  being  investigated. 

An on-board guidance function on the Combiner will ensure collision avoidance during formation 
reconfiguration maneuvers. Additional spacecraft constraints, such as  optical boresights, thermal 
constraints, and  plume contamination, will also  be included in the on-board  maneuver  design. The 
maneuver  design  will  take into account criterion such as minimizing  and  balancing fuel usage  between 
the two spacecraft. 

The design  approach for ST3  is to minimize the  instrument  to spacecraft interactions. The instrument 
provides  the  high  bandwidth fine pointing  and  phasing control, with a dynamic  range  such  that closed- 
loop spacecraft control is not  needed. There is nominally  no control actuation feedback between the 
interferometer  internal control system  and  the  spacecraft control system. 

3.4 - Spacecraft  Actuation 

A propulsion  trade  was  done  to select the  reaction control subsystem.  Options  included  helium  cold 
gas,  nitrogen  cold  gas,  pulsed  plasma  thrusters (PPT), field  emission electric propulsion (FEEP), and 
hydrogen  peroxide  micro-propulsion.  Drivers  included  the small impulse  bits  required  (eliminated 
mono-prop  and  bi-prop),  the short duration of mission  operations,  particulate  and  electro-magnetic 
contamination,  and  the  tight  mission cost constraints.  Nitrogen  cold  gas  was  ultimately  selected for ST3 
to  maximize  the  reliability  to  demonstrate  precision  formation flying and  optical  interferometry. 

The spacecraft cold-gas  propulsion  system consists of the  propellant  storage  tank(s),  pressure  regulator, 
twelve  miniaturized  4.5-mN  cold  gas  thrusters,  latch  valves, filter and service valves. The tanks  are 
located  to  minimize  CG shifts during  on-orbit  operations  and enable simple  balancing  within  the  launch 
fairing.  The  thruster  locations  and  orientations are selected  to  minimize the possibility of payload 
equipment  contamination,  while  allowing  the  necessary attitude and  translation  maneuvers  to  be 
conducted. 
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Figure 5. A 4.5 mN nitrogen  cold  gas  thruster. 

4.0 - CONCLUSION 

The  ST3  concept is a simplified  separated  spacecraft  interferometer with the goal of technology 
demonstration  to enable future applications of interferometer and  other multiple spacecraft formations. 
Key technologies presented for precision deep space formation flying spacecraft  include formation 
sensing, communications,  estimation  and controls and  actuation of the  formation. 
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